The objective of this study was to use a 5'-nuclease (TaqMan) real-time PCR method with primers and probe specific to the spaQ gene as a rapid approach to quantitatively determine Salmonella Typhimurium. The result showed that the correlation coefficient between real-time PCR estimates and bovine serum albumin (BSA) plate counts of S. Typhimurium was 0.99, independently of 10 5 -fold numbers of bystander Escherichia coli O157:H7 or total viable counts. The sensitivity of the real-time quantitative PCR assay was 10 CFU/mL for pure S. Typhimurium culture without enrichment. A known number of S. Typhimurium target cells were inoculated to dumpling fillings and chicken nuggets and DNA was extracted for real-time PCR analysis. The sensitivity was 60 CFU/g for S. Typhimurium inoculated to the food samples without any preceding procedure of enrichment. The duration of the entire experiment from DNA isolation and purification to PCR amplification was less than 12 h. This study demonstrated that realtime PCR is a rapid and reliable technique for quantifying S. Typhimurium possessing the spaQ gene in pure culture and in meat products.
troenteritis illnesses around the world (Baird-Parker, 1990) . Conventional culture-based methods for Salmonella detection are time consuming and incapable of quantifying bacterial count (Löfström et al., 2004) . The standardized diagnostic procedures used for the detection of Salmonella in food samples so far are based on microbiological culturing methods (ISO 6579/2002) , requiring up to 5 days to obtain presumptive results. In order to reduce the time demanded, alternative techniques like immunological assays (Bolton et al., 2000) and molecular techniques (De Medici et al., 2003) have been developed and applied to detect Salmonella spp. in various samples. The enzyme-linked immunosorbent assay (ELISA) and the slide agglutination test (SAT), for instance, though being time efficient, may be subject to false positive reactions (Smythe et al., 2002) .
Conventional PCR, using genomic DNA as target to substantially amplify specific DNA fragments for further analysis, has served as a highly specific, sensitive, rapid and precise method for bacterial identification. However, conventional PCR assays with electrophoresis are primarily qualitative techniques and not appropriate for accurate quantification of specific pathogenic bacteria (Mullis and Faloona, 1987) . In recent years, a number of quantitative studies have been attempted with most probable number polymerase chain reaction (MPN PCR) (Hielm et al., 1996) , competitive PCR (Janse et al., 1998) , PCR-ELISA (Gonzalez et al., 1999) , and so on. However, MPN PCR requires the multiple handling of culture tubes. Competitive PCR requires an internal standard with identical PCR efficiency, which must be analysed during the log phase of the reaction. PCR-ELISA requires post-PCR treatment (Kimura et al., 2001) . The approach to pathogenic risk assessment would be greatly simplified and advantageous if quantitative PCR could be accomplished in an automated system.
Real-time PCR is a powerful advancement of the basic PCR technique. It has been successfully applied for the detection of bacterial DNA in various environments, such as pathogenic bacteria in food (Liming and Bhagwat, 2004; Lin et al., 2004; McKillip and Drake, 2004; Patel et al., 2006; Szmolka et al., 2006) , water (Brinkman et al., 2003) and faeces (Kurowski et al., 2002; Malinen et al., 2003) . Real-time PCR for the detection of pathogenic bacteria has high specificity and sensitivity, and can be completed in one to two days. Kurowski et al. (2002) have compared the results of Salmonella spp. detection by real-time PCR targeting spaQ with those of the conventional method on 299 faecal samples, and obtained a relative sensitivity of 100% and a relative specificity of 98.2% for the new diagnostic assay. The real-time PCR is based on the detection of the spaQ gene, which is part of the Type III secretion system producing the so-called inv/spa proteins facilitating entry of invasive bacteria into the host cells (Collazo and Galan, 1996) , including the enteric pathogens Shigella, Yersinia and Escherichia coli O157:H7, in which they are plasmid borne (Li et al., 1995; Makino et al., 2003) . Since spaQ is only present in the chromosome of pathogenic Sal- Acta Veterinaria Hungarica 57, 2009 monella, All of these real-time PCR methods have been demonstrated to be sensitive and highly specific for the detection of Salmonella in a variety of samples.
In this study, we detected S. Typhimurium cells with primers and probe specific for the spaQ gene. The detection limit (sensitivity) of S. Typhimurium with LightCycler TM and the effect of co-existing bystander bacteria on the specificity of this approach were also explored. Finally, S. Typhimurium cells were inoculated to meat products and then detected by the quantitative real-time PCR assay to determine the sensitivity of this method in practical use. The result was also compared with those obtained by conventional plating and culturing methods in the analysis of a series of meat samples.
Materials and methods

Bacterial strains and culture conditions
Both Salmonella enterica subsp. enterica serovar Typhi (S. Typhimurium) BCRC 10747 and Escherichia coli O157:H7 BCRC 14824 were obtained from the Bioresources Collection and Research Center of the Food Industry Research and Development Institute (Hsinchu, Taiwan).
A suspension of S. Typhimurium BCRC 10747 was grown in nutrient broth (Difco, Franklin Lakes, NJ, USA) at 35 °C for 24 h. Then, the cell cultures were transferred to bovine serum albumin (BSA, Merck, Darmstadt, Germany). A culture of E. coli O157:H7 BCRC14824 was grown in MacConkey broth (Difco) at 35 °C for 24 h.
DNA extraction and purification of DNA from bacterial cultures and food samples
After enrichment, 10 8 CFU/mL of S. Typhimurium BCRC 10747 and E. coli O157:H7 BCRC14824 in log phase underwent seven 10-fold serial dilutions. Chromosomal DNA was isolated from each of the bacterial strains: an aliquot of 1 mL bacterial suspension was centrifuged at 2300 × g for 10 min, the supernatant was discarded, and the pellet was subjected to DNA isolation using NucleoSpin ® Food Kit (Macherey-nagel, BD Biosciences Clontech, Mountain View, CA, USA) according to the manufacturer's protocol. Samples of bacterial pellet were incubated with the lysis buffer and proteinase K (0.4 mg/mL final concentration) at 65 °C for 30 min. Briefly, bacterial lysates in the pooled supernatants were collected with high-speed centrifugation. Undigested particles were removed by washing the samples with repeated low-speed centrifugation. The DNA was eluted with 100 µL elution buffer (warmed to 70 °C) during incubation at room temperature for 5 min followed by centrifugation. The DNAs were stored at 4 °C prior to PCR. DNA extracts were subjected to real-time PCR assay according to the protocol supplied by the manufacturer, including the master mix preparation with Fast-Start DNA Master Hybridization Probe Kit (Roche Molecular Biochemicals, Mannheim, Germany).
Design of the oligonucleotide primers and probe
The spaQ primers and probe for the real-time PCR detection of Salmonella spp. were derived from the designs made by Kurowski et al. (2002) . The sequences of primers (forward: 5'-GCAATTACAGGAACAGACGCT-3', reverse: 5'-CCTGACGCCCGTAAGAGA-3') and probe (5'-VIC-TAAAACTTC GCCATACCAGCCAGACA-TRMRA-3') were designed. The oligonucleotides were synthesised by Bio Basic, Inc. (Toronto, Canada).
The spaQ probe was a fluorogenic TaqMan probe (Tib Molbiol, Berlin, Germany) labelled with a reporter dye (VIC TM ) (Tib Molbiol) at the 5' end and a quencher dye (TAMRA TM ) (Tib Molbiol) at the 3' end. The real-time PCR system exploited Taq DNA polymerase (5'-nuclease) to cleave the internal fluorogenic probe and detect the increasing amount of target gene.
Real-time PCR optimisation and conditions
The components for PCR were supplied in master mix provided by a realtime PCR Kit (LightCycler FastStart DNA Master Hybridization Probes kit; Roche Applied Science). The standard master mix contained 1 mM MgCl 2 , 0.5 µM primers, 0.2 µM TaqMan probe and 2 µL of 'HotStart' PCR reaction mix (FastStart Taq polymerase, reaction buffer, dNTP, and 10 mM MgCl 2 ) in a volume of 18 µL.The amplification reactions were carried out by mixing 2 µL of DNA template with master mix to a volume of 20 µL per reaction.
The real-time PCR amplification programme used herein was initially established and tested by Kurowski et al. (2002) , with slight modifications in annealing temperature and elongation time in order to improve the sensitivity of the method. The reaction mixture was put into a LightCycler TM instrument (Roche Diagnostic, Mannheim, Germany) for real-time PCR quantification under the following thermal cycling conditions: preheating for 10 min at 95 °C, followed by 45 cycles of 5 sec at 90 °C and 20 sec at 60 °C. Ultimately, the PCR products were cooled to 40 °C in 30 sec, and then directly analysed by the use of PCR LightCycler software version 3.5.3 (Roche).
Preparation of PCR standards and real-time PCR quantification of target bacterial DNA from pure cultures or meat samples
For construction of standard curves, S. Typhimurium BCRC 10747 (serving as target bacteria) and E. coli O157:H7 BCRC 14824 (serving as nonspecific bystander bacteria) were enriched to about 10 8 CFU/mL in nutrient broth. The target bacterial culture was diluted in 10-fold serial dilutions from 10 1~1 0 7 CFU/mL for DNA isolation and real-time PCR assay. A mixture of DNA isolated from an extensive set of bystander bacteria (E. coli O157:H7 BCRC 14824) was used as negative control. The standard curve of target DNA quantity obtained was used later for the evaluation of target bacterial DNA from pure cultures and meat samples.
The accurate cell counts of S. Typhimurium BCRC 10747 and E. coli O157:H7 BCRC 14824 were determined by BSA and MacConkey agar culture methods, respectively. The bacterial cultures were subjected to 10-fold serial dilutions. The diluted solutions of S. Typhimurium at 4.8, 3.8, 2.8 and 1.8 log CFU/mL were mixed with equal volumes of E. coli O157:H7 at 4.5, 5.5, 6.5 and 7.5 log CFU/mL, respectively. A 10-fold dilution series of pure S. Typhimurium culture was prepared as controls.
Preparation of food samples
Dumpling fillings and chicken nuggets were collected from frozen foods from a supermarket in Hsinchu, Taiwan. Samples were stored in ice during shipping and prepared immediately upon arrival.
In the artificial inoculation experiments, food samples (25 g) were inoculated with 2.8, 1.8 and 0.8 log CFU/g of S. Typhimurium BCRC 10747. The inoculated food samples (25 g each) were homogenised in 225 mL of buffered peptone water with a stomacher. The meat products without Salmonella inoculation were prepared as controls. One-millilitre aliquots of homogenised solution were sampled from each group in triplicate and applied to NucleoSpin ® Food Kit reagents for DNA isola- 
Data analysis
The results of PCR assay were converted to the average amount of target bacterial genome in 1 mL of cultural suspension or 1 g of meat (wet weight). Logarithms of cell count in the 10-fold diluted solutions and estimates of realtime PCR were plotted on the horizontal and vertical axes, respectively. The accuracy of real-time PCR was analysed by computing the correlation coefficient between the two sets of values using the sign rank and Wilcoxon signed test. All statistical analyses were done using the SAS 6.12 software.
Results
Quantitative analysis of pure S. Typhimurium culture
In order to ensure the reliability of the entire process of bacterial DNA quantitative analysis, the enriched culture of S. Typhimurium BCRC 10747 was 10-fold serially diluted prior to the real-time PCR assay. The cell counts of diluted solutions subjected to DNA isolation were 10 0~1 0 7 CFU/mL. A representative result of real-time PCR is shown in Fig. 1 . The fluorescence intensity and PCR amplification cycle threshold are plotted on the vertical and horizontal axes, respectively. The Ct value is defined as the first cycle in which amplification signal is detected over mean baseline signal. The higher the number of bacterial cells that existed in the original sample, the lower the Ct value that was required to achieve a certain level of fluorescence intensity. For instance, when fluorescence intensity was increased to a value of 1.0, real-time PCR had run nearly 20 cycles for 10 7 copies, 24 cycles for 10 6 copies, 27 cycles for 10 5 copies, 30 cycles for 10 4 copies, 33 cycles for 10 3 copies, 36 cycles for 10 2 copies, and 38 cycles for 10 1 copies of pure S. Typhimurium culture. No visible increase of fluorescence intensity above the detection limit was observed for 10 0 CFU and negative control. Figure 2 shows the linearity of PCR cycle threshold of yielding fluorescence enhancement for S. Typhimurium ranging from 1 to 7 log CFU/mL. According to the results shown above, the sensitivity of real-time PCR detection for S. Typhimurium was 10 1 CFU/mL. Figure 3 shows the correlation between culture plate counts of S. Typhimurium and estimates by real-time PCR analysis. The initial counts of S. Typhi-Acta Veterinaria Hungarica 57, 2009 murium inoculated for BSA culture method were 7.6 log CFU/mL. After enrichment and 10-fold serial dilutions, the estimates of S. Typhimurium by realtime PCR were 7.8, 6.7, 5.7, 4.6, 3.5, 2.4, 1.4 and 0.5 log CFU/mL, respectively. The cell counts estimated by real-time PCR and those by BSA culture method were plotted on the vertical and horizontal axes, respectively, to analyse the linear correlation between data obtained from the two methods. The correlation coefficient (R 2 ) was 0.97, and the linear range of regression line extended between 7.6 and 1.4 log CFU/mL with a slope of 0.91. 
Relationship between real-time PCR and BSA culture method
E. coli O157:H7 interference assay
In this study, spaQ gene was adopted as the target gene for PCR analysis for the enumeration of Salmonella spp. according to Kurowski et al. (2002) . In order to determine the specificity of the spaQ primers and probe employed herein to S. Typhimurium, E. coli O157:H7 cells used as bystander bacteria were mixed with S. Typhimurium (target bacteria), and the mixed bacteria were then subjected to quantitative PCR assay for S. Typhimurium. In this experiment, the ratios of S. Typhimurium BCRC 10747 to E. coli O157:H7 BCRC 14824 in the mixture were log 4.8:4.5, 3.8:5.5, 2.8:6.5 and 1.8:7.5. As shown in Table 1 , cell counts of S. Typhimurium were all precisely evaluated by real-time PCR under the co-existence of E. coli O157:H7. Figure 4 shows the linear correlation between the cell counts of S. Typhimurium BCRC 10747 enumerated by real-time PCR and those by conventional culture method with and without the presence of E. coli O157:H7. The vertical axis represents real-time PCR estimates of S. Typhimurium, and the horizontal axis represents data obtained by the culture method. These calibration lines for both pure S. Typhimurium cultures and the mixtures of S. Typhimurium and E. coli O157:H7 were linear (R 2 = 0.99) in the range from 10 2 to 10 5 CFU/mL (Table 1 and Fig. 4 ). 
Quantitative PCR assay for S. Typhimurium inoculated in food
In order to determine whether the specificity of real-time PCR assay in the enumeration of Salmonella is affected by the contaminating bacteria in foods, certain amounts of S. Typhimurium were inoculated to food products that poten-tially bear a number of viable bacteria, and then enumerated by real-time PCR assay. The food products tested in this experiment included frozen dumpling fillings and chicken nuggets. In this experiment, since no reference solutions were prepared to construct standard curves, cell counting was performed by plate counting with selective medium. The total plate counts of dumpling fillings and chicken nuggets were 5.8 × 10 4 CFU/g and 7.3 × 10 4 CFU/g, respectively. As shown in Table 2 , the specificity and sensitivity of quantitative PCR assay for S. Typhimurium in food products were independent of the total plate counts. Figure 5 presents the correlation between the real-time PCR estimates of S. Typhimurium BCRC 10747 and total plate counts in the food samples. The correlation coefficients (R 2 ) were 0.99 in dumpling fillings and chicken nuggets. Table 1) . Each dilution series was tested in triplicate Table 2 Cell numbers of S. Typhimurium BCRC 10747 inoculated to dumpling fillings and chicken nuggets, estimated by quantitative PCR assay * Inoculated foods Inoculated density (log CFU/g) Estimated by quantitative PCR (log CFU/g) Dumpling fillings (Initial total count 4.7 ± 0.5) 2.8 2.7 ± 0.1 1.8
1.6 ± 0.3 0.8 0.5 ± 0.2
Chicken nuggets (Initial total count 4.8 ± 0.3) 2.7 2.6 ± 0.3 1.7
1.7 ± 0.1 0.7 1.1 ± 0.1 * Each dilution series was tested in triplicate Table 2) . S. Typhimurium BCRC 10747 was inoculated to dumpling fillings and chicken nugget.
Each dilution series was tested in triplicate
Discussion
Figures 1, 2 and 3 indicate that the estimates of real-time PCR were highly consistent with those of the culture methods, and that the detection limit of the real-time PCR assay was rather low (10 1 CFU/mL), probably due to fewer interfering factors in DNA extraction and fewer inhibitory factors of PCR. Therefore, real-time PCR, when proper primers and probe are employed, can be used to evaluate the cell number of pure S. Typhimurium culture, and serves as a rapid quantitative test to substitute for the conventional culture method. This demonstrated that the spaQ primers and probe could specifically bind to and amplify the target DNA fragments from S. Typhimurium during real-time PCR, and that interference from even a high count of bystander bacteria was little. The result was consistent with those of a study by Csordas et al. (2004) , in which they assessed the use of five sets of real-time PCR primers for the detection of S. enterica Typhimurium. The average detection limit of PCR analysis in their study was 35 CFU/g. Besides, Seo and Brackett (2005) assessed a real-time PCR assay, which was capable of detecting 10 2 CFU/mL of pure Enterobacter sakazakii culture in 50 amplification cycles without any preceding enrichment procedure. Table 1 and Fig. 4 indicate the co-existence of E. coli O157:H7 when the cell number of S. Typhimurium was above 3.8 log CFU/mL, the enumeration by real-time PCR was hardly affected by bystander bacteria of equal to 10-fold higher numbers. When 1.8 log CFU/mL of S. Typhimurium was mixed without , and with 7.5 log CFU/mL bystander bacteria, it was found that the enumeration of S. Typhimurium by real-time PCR might produce an error of 0.7 log CFU/mL. The result was consistent with those of a study by Piknova et al. (2005) , indicating that Salmonella quantification based on 5'-nuclease real-time PCR targeting the fimC gene was not influenced by the presence of E. coli (10 6 CFU/mL) and Citrobacter freundii (10 6 CFU/mL). Table 2 and Fig. 5 indicate that the estimate of the real-time PCR was highly consistent with those of the culture methods, and that the detection limit of the real-time PCR assay was rather low (10 1.8 CFU/g ≈ 60 CFU/g). This demonstrated the high accuracy of the PCR assay for the enumeration of S. Typhimurium in the tested food samples.
Real-time PCR can be used as a rapid quantitative approach with high specificity and sensitivity for bacterial detection. In this report, we evaluated a rapid, quantitative method for quantifying the spaQ gene of S. Typhimurium. The result showed that the correlation coefficient between the real-time PCR estimates and the BSA plate counts of S. Typhimurium was 0.99, independently of 10 5 -fold numbers of bystander E. coli O157:H7 or total viable counts. The sensitivity of the real-time quantitative PCR assay was 10 CFU/mL for pure S. Typhimurium culture. A known number of S. Typhimurium target cells were inoculated to dumpling fillings and chicken nuggets, filtered, and subjected to DNA recovery for real-time PCR analysis. The sensitivity was 60 CFU/g for S. Typhimurium inoculated to the meat samples without any preceding procedure of enrichment. The duration of the entire experiment from DNA isolation and purification to PCR amplification was less than 12 h. Thus, this real-time PCR-based method can be applied for the rapid and quantitative detection of exposures to S. Typhimurium in food poisoning cases.
This study compared earlier published and similarly functioning real-time PCR methods. A real-time PCR assay was evaluated to detect Salmonella utilising MB-PCR (iQ-Check, Bio-Rad Laboratories) on artificially inoculated produce. Adding a selective enrichment step to the iQ-Check, real-time PCR improves the detection of Salmonella in naturally contaminated retail turkey meat products (Fakhr et al., 2006) . As few as 4 CFU/25 g of fruits and vegetables were detected after 16 h of enrichment (Liming and Bhagwat, 2004) , 2-4 CFU/25 g of raw chicken and pork and ready-to-eat meats were detected after 8 h of enrichment (Patel and Bhagwat, 2008) , and 271 CFU/25 g hydrodynamic pressuretreated chicken following 16-18 h enrichment (Patel et al., 2006) in buffered peptone water. In the study of Lin et al. (2004) , based on the sequence data of the 16S rRNA gene, two PCR primer pairs were designed for the detection of all serovars of Salmonella, and as low as 1 to 9 CFU/g (mL) could be detected in whole milk and chicken meat when a 8-h pre-culture step was performed prior to the PCR. Szmolka et al. (2006) tested pre-enrichment cultures from artificially contaminated faecal, poultry feed and poultry meat samples (using S. Enteritidis, Acta Veterinaria Hungarica 57, 2009 S. Typhimurium and S. Hadar as contaminants), and they suggest that the sensitivity of the above systems is 10 1 -10 2 CFU/g sample. Those real-time PCR methods have a good detection limit, with a preceding enrichment procedure.
In this study, PCR amplification for food samples required higher Ct values than that for pure cultures of Salmonella by 1 to 3 cycles, resulting in a variation in DNA recovery and PCR amplification. The possible causes might be attributed to (1) different efficiency of DNA extraction from food products (De Medici et al., 2003) , (2) interference of DNAs from a huge number of contaminating bacteria (Kimura et al., 2001) , and (3) different inhibiting factors present in PCR amplification from food products (Requena et al., 2002) . This indicates that standard curves of real-time PCR results obtained from different food products should be calibrated before this method is used for quantitative analysis (Kimura et al., 2001 ). Thus, a universal standard curve may not be available for the accurate quantification of spaQ DNA in a variety of samples. It is considered possible that food components may interfere with DNA extraction, and that both DNA extraction and potential PCR inhibitory factors can affect the enumeration of Salmonella in foods by real-time PCR. We have successfully adopted the method of Kurowski et al. (2002) to the investigation of dumpling fillings and chicken nuggets. The methods are basically correct and their description of results represents good standards.
